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ABSTRACT

This work was undertaken to evaluate instrumentation and techniques
for observing the phenomena associated with the atmospheric re-entry, at
orbital or near orbital velocities, of NAP systems, with emphasis being

placed on fuel element re-entry burn-up phenomena.

The uses of pyrometry, radiometry, spectrophotometry, and photography
for determining the temperature of a re-entering body are analyzed. It is
shown that all but the first of these methods can be used to obtain temperature
information on re-entering objects that are not ablating. This temperature
information is gained from measurements on the shape of the thermal emission

curve. Methods for handling the ablating case are discussed,

The use of photography for identifying tracer flares that are re-entering
the earth's atmosphere at high velocities was analyzed and shown to be feasible.
How photography, in conjunction with tracer flare re-entry experiments, can
be used for establishing the validity of mathematical, re-entry, burn-up models
was also analyzed. The various associated difficulties and how they might be

overcome are discussed in some detail.
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. INTRODUCTION

This report summarizes an instrumentation study and analysis performed by
the General Technologies Corporation for the Nuclear Power Division of the
Development Directorate of the Air Force Special Weapons Center under Contract
No. AF 29(601)-5390. It is concerned almost exclusively with experiments and
instrumentation that are related to the observation of optical phenomena associated
with objects re-entering the earth's atmosphere at velocities up to 26,000 ft/sec.

During the program, the General Technologies Corporation, in cooperation
with AFSWC personnel, studied the results of the over-all NAP systems re -entry
program that is being conducted by AFSWC and the AEC*. These studies and analy-
ses formed the basis for evaluating the various possible approaches to the optical
instrumentation of the NAP system re-entry tests. The instrumentation studied in-
cluded pyrometry, spectral photometry, ordinary photography in conjunction with

filters, and spectral photogrophy .

*NAP is an acronym for Nuclear Auxiliary Power.

]
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Il. PROGRAM OBJECTIVES

The objectives of the program were threefold: (1) to evaluate the instru-
mentation being utilized during NAP system re-entry tests, and, where possible,
to make recommendations for changes that might enhance the probability of success
in these tests; (2) to determine the reliability of various instrumentation for the
acquisition of data on various re-entry phenomena as specified by AFSWC; and
(3) to determine, if possible, other phenomena which should be measured in order
to enhance the utility of the flight tests' experiments toward establishing a re-entry
burn-up model for nucleor auxiliary power systems.

How these objectives were achieved is shown in the following technical

discussion section of this report.
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I11. TECHNICAL DISCUSSION

This section of the report will first discuss conventional (pyrometric,
radiometric, and spectrophotometric) and photographic techniques for deter-
mining the temperature of a re~entering object, and then proceed with a dis-
cussion of the use of flaring materials for determining heat energy inputs to

re-entering bodies .

A. CONVENTIONAL TEMPERATURE MEASURING TECHNIQUES

The problem to be considered is that of making temperature measurements
on objects that are re-entering the earth's atmosphere at orbital or near orbital
velocities. The measurements are to be made on instruments that are located
within aircraft or in ground installations. The techniques to be considered are
pyrometry, radiometry, and spectrophotometry . The theoretical bases for the
operation of these instruments are the Wein displacement, Stefan-Boltzmann radi-

ation, and Planck radiation laws of classical physics.

1. Theoretical Basis of Measurement

In order to make temperature measurements on re-entering bodies from
ground or aircraft installations, it is necessary to resort to radiation measurements.
Prior to discussing instrumentation for making such measurements, it is appropriate
to first write down the theoretical basis for such measurements. Only three basic

equations are needed to provide the basis for the analysis of appropriate instrumentation.
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They are
e(\, e

P()\, T) = Xs(ec. 7XT ‘) (P'Onck) (‘)
®

PT = IP(X, T)d\ = ¢y oT* (Stefan-Boltzmann) (2
)

‘o] = 0.9 (Wein) (3)

P(A,T) = power emitted per unit orea by a body at absolute temperature

T °K per unit wavelength interval ot the wavelength .

P(T) = power emittedcfer unit areo from a body that is at the absolute
temperature T K.

e(A, T) = spectral emittance at the wavelength \ and temperature T. For
a block body (total radiator), €(A,T)= 1.

€ = total hemispherical emittance of the surface area under consider-
ation. For a black body, ¢4 = 1.

Am = the wavelength in centimeters at which P(}, T)/e(\, T)assumes its

maximum volue.

¢y, €g, oand C are constants. For the c.g.s. system of units:

¢ 3.741 x lO'serg-cm'/sec, cg = 1.438 cm-deg., ond

c 5.669 x 10~ erg/cm® -sec-deg*.
Only two radiation measuring techniques lend themselves to the situation
under consideration. They are the total radiation pyrometer and the spectrophotom-

eter techniques. The radiometer is actually a variation on the spectrophotometer.

Consider first the total radiation pyrometer, which is based on the principle of eq. 2.
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2. Total Radiation Pyrometer

When a uniformly heated body of homogeneous composition and spherical
shape is viewed at a great distance, total hemispherical emittance together with
the atmospheric and inverse-square law effects will govern the amount of power
ovailable for measurement ot the location of the pyrometer. It will have to be
assumed that €; can be employed for bodies having geometrical shapes that are
not spherical . |f a lens system is to be used with the pyrometer, then the energy
under consideration is that that is incident per unit area per unit time ot the sur-
face of the lens system. In order to write down the mathematical expression for
this power, assume () is the linear absorption coefficient of the air intervening
between the source and point of measurement. Further, assume that there is no
particulate matter in the light path so that build-up factors caused by multiple
scattering need not enter the calculation, and that diffraction is so small that its
effects can be neglected. Then the power per unit area at a large distance, R,

from the source is

AR) e (T e MR

2"’R2 ; )~5(eCa/kT - ‘)

PR, T) = di, (4)

where A(R) is the total projected area of the source when viewed at the distance
R. The R dependence of A reflects the possibility thot the size of the object may
change with distance along the re~entering trajectory. The factor (2 7R%) ™! comes
into play from the inverse square law and the fact that the projected areo is radi-

ating into a solid angle of 2~ steradians. Now, to examine the integrand of
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equation 4 in detail.
If it is assumed that, ot the temperature T, €(\, T) is constant and w())
does not vary significantly with A, they can be factored out of the integrand to

give, in accordance with equation 2,

A(R)ef -uR r2ﬁR=P(R) 1/4 uR/4 (5)
T ompe ¢ Té, o T = | AW EM_} €

where i is the effective linear attenuation coefficient of the atmosphere for the
light emitted by the body in question. This is the equation that onc would have
to work with if the total radiation pyrometer were to be used to try to measure the
temperature of the re-entering body. The assumptions necessary to its derivation
may be summarized as follows:
1. The range R is accurately known.
2. The body's surface orea A is at a uniform temperature.
3. There is no significant quantity of particulate matter in the atmos-
phere to introduce multiple scattering of the light emitted by the
body .
4. Refraction effects can be neglected.

5. The projected area, A, of the re-entering body is known at the
time of measurement,

6. The body, insofar as its observed emission characteristics are con-
cerned, behaves either as o grey body or one of spherical shape and

homogeneous composition.

7. The emittance, ¢,, is accurately known under the conditions of
measurement .

8. The lineor absorption coefficient of air is essentially constant over
the spectral range of interest.
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The first four of these assumptions are considered to be reasonably valid.

The remaining four cast considerable doubt on the ability of total radiation py-
rometry techniques to gather more than qualitative information. According to
assumption 5, the projected area of surface being observed must be accurately
known. Since the body will, in general, be asymmetrical and will suffer con-
tinuous erosion during re-entry, this factor alone constitutes a serious problem for
nonspherical bodies.

The assumption that the body behaves as o grey body may be a serious one.
Whether or not this assumption is valid can be reasonably well determined by labo-
ratory measurements. Although €; can readily be measured in the laboratory up
to temperatures of 2300°K, and a considerable quantity of data is available for
temperatures up to this, it is doubtful that it wouid be available for any particular
materials selected at random. For materials whose temperatures will exceed 2300°K
during re-entry, <y will certainly not be known except in rare cases. Thus, assump-
tion 7, as well as assumption 6, requires one to resort to laboratory measurements.

Assumption 8, that (X) = constant, is well known to be a poor one over the
spectral range that will be encountered. However, if assumption 6 can be established,
then the measured radiation reaching the pyrometer could be modified for the absorp-

tion by replacing 4 in equation 5 with the relation

@
z M(A\)cyd A
M= e ____}n,__
OT‘ "or )‘5(“:3 -') (6)
One would start with an assumed value of W= ,, and solve eq. 5 for T = T,. This
7



TDR 63-58

value of T would, in turn, be substituted into eq. 6, using the known values of
u(\) for air to obtain a better value of u=w, . Substituting 1, into 5 again gives
o better value of T =T,. This process can be reiterated as many times as is
necessary, depending upon the accuracy of the choice of Lg, until an accurate
value of T is achieved.

In summing up, it can be said that, for o spherically shaped body whose totel
hemispherical emittance is known, or o grey body, an accurate temperature measure-
ment can be made under idealized conditions with total radiation pyrometers provided
that spectral rodiation from any associated heated gases or vapors is negligible.

To see how the accuracy of T depends upon the accuracy to which ¢, AR), R, .
and P(R,T) are known, consider the following error analysis.

If F=F(x,..., xy), then, according to the definition of total derivative,

_ 3F 3F 3F
dF -a—x-; x1 "g;deg.--‘} axndxn- (7)

If the second form of equation 5 is grouped according to variables, and these are
treated as being independent variables with x, =R, xg = A, xg=P, x = ¢, and

xg = W, then, fromeqs. 5and 7,

T 2n 7 P ‘A\ R’l R1 / ‘ T Wl
= et J“ - HR 4 = M
3R ( - ) <A€'> 2 € ? 4 ¢ ZR* 4
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Substituting these partial derivatives into eq. 7, dividing by T, and replacing dx;

with 4xj gives

AT A AP LE RA
Pldaegopor

This equation clearly illustrates the important point that errors introduced in T by
errors in Lwill be dependent upon the range R, and that errors in T due to errors inR
will be influenced by the value of L. Thus, the larger the value of R or u, the greater
the error in T for a given fractional error in Wand R respectively. To see this, suppose
2 = 0.01 and u= 0.04. Then for 2x; = O for x; ¥ u,

0.01 forR = 100

AT L Au

T RTC (9a)
0.1 for R = 1000

In a similar manner, for 4x; = 0 for x; ¥R, u=0.04, “R/R = 0,001,

0.0005 + .001 = 0.0015 forR = 100

3 l
;|l= [ +.:.] AR =
0.0005 + .01 = 0.0105 for R = 1000. (9b)

Thus, it is apparent that the error in T depends on the magnitude of both uand R as well
as the uncertainty in the values of these two parameters. These latter equations show
that for large values of either Lior R, the temperature information becomes qualitative
in nature.,

The conclusion to be drawn from the foregoing analysis is that the total
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radiation pyrometer technique has doubtful utility even under the best set of con=

ditions that could be reasonably assumed in the intended application.

3. Spectral Photometry Techniques

The application of spectrophotometry techniques should be considered under
two separate conditions. The first of these is where the re-entering body exhibits
the grey body spectrum, that is €(A, T) is o constant throughout the wavelength inter-
val in which observations are necessary for determining the temperature. The second
case involves the non-black body spectral distribution and, where o knowledge of
the spectral emittance is missing, becomes insoluble except when special attention
is given to the emission spectrum curve.

It is clear from the foregoirg discussion that the atmospheric absorption must
be taken into consideration i~ using the spectrophotometric technique. However,
since the principle involved is identical to that just discussed, it will be left out of

the formulation in order to preserve simplicity of presentation.

3.1 Grey body spectrum case .

This case can also be broken into two sub-cases, where the emission peak

alone is considered and where two points away from the peak are considered.

3.1.1 Emission peak sub-case.
In this case, eq. 3 is the commanding relation. The relative intensity of

the entire spectrum, or at least a portion of the spectrum that extends considerably

10
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beyond the peak emission wavelength, A m = 0.29 T2, on both sides of the peak,
is recorded spectrophotometry-wise. If this peak lies in the vicinity of the air

absorption curve where M(}) is constant, then
T = 0.29 A7, for M(}) = constant. (10)

For the case where 1())is not constant in the region of the apparent peak, a re-
iterative process {(as exemplified in paragraph 2, following eq. 6) must be resorted
to. This is accomplished os follows. Viewing the absorption and measured emission
curves, a value of Ap, = Ap o is choser, and T = Ty = 0.29/)p, is calculated. This

value of T is used to manufacture o new emission curve P(*, T,) using the relation

PO, T,) = P(A,To) e MR, (100)
Here P(A, To) is taken from eq. 1, with €(X, T) set to u~ity. This new curve will
peak at some value of A=A . Using this value of A, and eq. 10a, Ty is com-
puted. Using this value of T = T, , the secord-order approximation of T = T, is

determined from the curve generated by the relation

PO, Ta) = P2, T e HOOR

The nth order approximation of T = Ty, is obtained from the curve plotted from the
relation

PX, To) = P, Toey) e OOR, (10b)
where P(}, T, _,) is taken os having the functional form of eq. 1 with =(1,T) = 1.

Hence T = 0.29/N\pn - (10¢)
1"
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The value of n required to obtain a staticnay volue for the menclactued emis -
sion peak will depend upon the judiciousness with which the initial valus ~f

T =Ty is chosen. Unless u(\) is varying diasticolly in the vicinity of Y., one
should not need to use values of n greater than 2 o1 3. It would perhaps be useful
to plot the ratio of P(A, Tj,) to the initially neosured curve. When thisiatio
approaches a straight line in the vicinity of the peak, ore is assured that a suffi-
ciently large value of n has been achieved.

The assumptions employed to derive equation 10c ore much less capricious
than those used in the derivation of eq. 5. For equation 10, the assumption is
that €(X, T) = constant in the vicinity of Am- For eq. 10, the assumptions were
that €(%, T) and »(~) ure boih conslani in ihe vicinity ol rgq. For a given valve
of A, the validity of the proposition that (%) is constont can be determined from
atmospheric absorption data. The validi'y of the assumprion that <( X, T) is o con-
stant in the region of A o, is something that wil| have to be determined by labora~

tory experiments.

3.1.2 Two-point or ratio technique with <(\,T) known .

When K( X) is not constant, it is more convenient to use the ratio technique .
Here two separate points on the emission curve are chosen, say at \; and X, . Then
using eq. | and the exponential atmospheric absorption relation, T is determined

by the equation,
of ot ] ) -u) R
T an

12

POy, T) = ey T) _)‘_g]
PO\I: T) C(X.,T) )‘1
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This is essentially the basis for the operation of the two-color pyrometer. The
only assumptions required are that the body is either grey or £(\,,T), €(},,T),
are known and that (), ) and () are krown,

In view of the fact that materials tend to become spectrally greyer at
elevated temperatures when the line spectra are subtracted, this technique holds
considerable promise for obtaining quantitative temperature information on o

wide variety of re-entering materials.

3.2 The non-grey bouy case without «(s,T).

It is now appropriate to see what can be done in case experiments should
show that ¢(A,T) is neither constant nor known. In other words, what can be
determined if emittance data is completely lacking. If the power emission curve
is recorded as in the preceding case, two points on this curve can be employed
to obtain an expression involving only one unknown, namely T, if they are appro-
priately chosen. By viewing the P(A, T) vs. A curve, there will be one or more
wavelength intervals over which the emission curve can be accurately approxi-
moted by a straight line. Over such a portion of the emission curve, the wave-
length derivative of P(A, T) will be constant. This suggests the use of a Taylor
expansion of #(1,T) in this interval, which can, in turn, be substituted into eq.1
to obtain the temperature. In this case, since the temperature is considered to be
a constant for o given spectral curve, the temperature dependence of < may be

dropped from the notation. To this end, consider the following.

13
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l.ef dP( )\IT) = P| =

] constant through the interval 1, toY  Hence
A

d"P(\,T)

0 for n>1 in the interval (34, \). (12)
dn

If the interval (Ag, \) is small, c(3) can be expanded about )g in a Taylor seriesas

(A=) de | (=2 g
!

“W=elhod* T X1+ AT g |4 (13)
) o
For a given value of T, equation | defines ¢()) as
where y
5(. 2 \T-
o0, 1) = 2 ) (15)
<
It follows that
e(Ag) = PAg, T 20k, T), (16)
and that
de | _ d?(\, T) dP(X, T)
a P(Ao, T) - _*) G‘()\o.T)"—"'—d X . .
)‘zxo )\" ‘o ‘)\o

In view of the fact that the higher derivatives of P(),T) are zero, the higher de-

rivatives of €(A) can be written down immediately os

n
T |, 2P0 g, 1+ P00, D, m, 7
A=hg

14
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dMe(x, T

where the notation gam = ¢(m)

(Ao, T) has been used. Substituting
A=hg

equations 16 and 17 into eq. 13 gives £ (}) in terms of the chosen wavelengths
Ags A, the measured emission power at A, the measured slope of the curve ot
Ao and the unknown T. Substituting this value of €()) into equation 1 gives the

desired expression in T. That is

Cy K[()\ = )‘o) P.(\ol T) + P("Ol T)]

P(lr T) = T
2$(eS*/AT_ ) (18a)
where ®
S ) Hd
=) LU (S .
‘ n2‘=° nl [dx" a(x,T)L_k (ee)

The only unknown in eq. 18 is the temperature T, hence, the emittance is eliminated.
Thus, even when the spectral emittance of the re-entering body is unknown, its tem-
perature can be computed from the spectral emission curve by o judicious choice of
Lo ond A where the quantity (A = A,) is chosen sufficiently small to assure the rapid
convergence of the K-series of eq. 18b. Further analysis shows that the series con-
verges more rapidly for shorter wavelength regions of the spectral curve, that is, on
the short wavelength side of the emission peak.

It is evident that one of these three techniques can be used to determine the

temperature providing that the spectral emission curve can be obtained.

3.3 Unscrambling the spectral emission curve.

The object is to devise o method whereby the spectral emission produced by

15
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the gases and vapors associated with the re-entering body can be separated from
the observed spectral emission curve. For the sake of preserving clarity, the
emission from the re-entering body proper will henceforth be referred to as the

thermal emission curve. The observed spectrum (curve) from a re-entering body

will contain three components, namely

1. The thermal emission curve.

2. The emission from the heated air.

3. The emission from the vaporized materials.

The thermal emission curve was discussed briefly above and is described
by equation 1.

Up to temperotures where vaporization and ablation of the re-entering
object become important, one need only consider the optical emission of the
air in order to unscramble the thermal emission curve from the observed spectrum.
The theoretical basis for treating both the heated air and heated vapors emanating
from the surface of the re-entering object is the same, so they will be considered
simultaneously . The reader will bear in mind at all times that the nonablative
(or evaporative) case is much the simpler of the two and is believed to be well
within the present state of the art from both a theoretical and experimental point
of view.

The principal mechanisms which produce light in the heoted material

associated with the re-entering body (i.e., goses and vapors) are:

16
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I. Excitation due to thermal collisions with the heated molecules
within the shockwave. Here, within the shockwave refers to
the wake as well as the volume between the shock front and
boundaries of the re-entering body .

2. Chemical reactions which emit light.

3. The optically stimulated transitions produced by nearby sources
of light.

4. Excitation by impact with uncharged air molecules.

5. Excitation by collisions with charged particles.

In considering the thermal collisions, one con readily set an upper bound
to the quantity of radiation that it is possible to produce from the kinetic theory
of gases. It can readily be shown from the kinetic theory of gases that the frac-
tion of molecules having o velocity, v, greate- than some specified velocity, vq,

is given by

N ——— -mvp/2kT —_— o ]
_S_V__)__\Q = vov2m/~kT e mYo +v m/kT [ ...2_ rco m/kT e.a'/zda (19)
N VERE |

[ 27 5 |
o -
The quantity in brackets is just 1 = P(x), where P(x) is the normal probability func=
tion and is tabulated for all values of the argument of interest.

By settingvo= Y2hV/m, where hv is the energy of the photon to be emitted,
eq. 19 gives the fraction of the molecules that would possess sufficient energy to
produce an excited state from which radiative transitions might occur. In view of
the simplicity of this equation, one can readily perform experimental measurements

to determine the probability per collision as a function of v that a collision will

17
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occur which produces an excited state from which a radiative transition occurs.
In most practical cases, this process of stimulated emission will be small. There
is o considerable quantity of data to draw from in evaluating this phenomena.

Most chemical reactions will produce little light, and this can readily
be determined from the literature or simple experiments. Thus, this source of
light is no problem.

If the intensity of o single line in o spectrum is known, then the relative
intensities of other lines, I(V), can be colculoted“)* . This is illustrated by the

relotion

Iw) _ N(B) w*S(x,8)
i(vs) N(Ba) V;*S(aq, &) (20)

where N( 8 is the number of molecules in state 8, and S(c, #) is the Condon~
Shortley line strength(z).

In view of the fact that optical transitions involve Einstein's A and 8 co-
efficients, ond of the foct that the A coefficient is derivable from the B coefficient,
and vice versa, it is convenient to define the quantity 3(i, 8), as the probability of
a spontaneous de-excitation transition from state (or level) i to state (or level) 8,
and S(a, i) as the stimulated excitation transition probability from level a to leve!
i. It is understood that one is derivable from the other, and that the number of
sub-states in a level is just the weighted sum of (2J + 1) times the number of levels,
where J is the total angular momentum quantum number of the level. The optically

stimulated rodiation arising from transitions from the level B to the level & can then

* Numbers in parentheses represent references at the end of the text.
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be written down immediately from the following considerations(3/4/9),

Assume that ais the ground level, and the transition from level 8 to level
ais the one of interest. For an exciting intensity I(V), the total rate of excita-
tion from the ground level is simply I(MN(a)a(Vv), where a(v) is the linear absorp-
tion coefficient of the material containing the states a. Hence, the number of
molecules (or atoms) excited directly to the level Bis I( VIN(a)a(V)S(a,8). Since
the mean life of a molecule {or otom) in the excited state B is on the order of 107
to 10~® seconds, one may assume that the rodiation intensity from the transition
Bto 0 is equal to the rate of excitation into state 8. The excitation to these levels
is simply I(V)N(a)a(V) £ S(q, i) where the summation extends from i =8+ 1 to some
number n determined by the upper energy limit to which v iscapable of producing
excitation. Some of these will de-excite to level 8 and hence to level a, producing
the resonant line frequency vg (actually vg + AV). Since S(i, 8 is the spontaneous
transition probability from level i to level 8, the quantity I(VIN(a)a(v) T S(a, i) must
be multiplied by it to obtain this contribution to I(v,). Now, all moleculesin level

8 are postulated to spontaneously decay to level & so that the total intensity of fre-

quency v, from optical stimulation is

n
ve) = HVIN(@)a(V) [S(@,8 + ) S(a, DSG,8) ] - (@1
i=g+1

This can be normalized to give the fraction of excited atoms that emit the resonant

frequency by dividing by £ S(a, i), for i =8 ton. It is to be understood that the
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intensity of the resonant frequency represents the intensity of all optically pro- *
duced transitions from level 8 to level &. Thus, vy will exhibit structure when

either & or 8 have sub-levels. For atomic spectra, the summation over these sub-

levels can be treated as a single line for the most practical cases. It is perhaps

pertinent to add the relation for &(v). That is,

el Tog/41"
ay) = (i T (22)
me (v-vo) *HTag/4M)
where
8™mv  5(9,6)
fan = . 23 .
% T3he’ 2Jpt) @)
Here [y is the reciprocal of the mean life of state B for decay to state a. .

The case of collision produced excitation can be treated in a quite analo-
gous manner. It can readily be shown that a similar argument ieads to the follow-
ing relation for collisional excitations.

n‘- w @
I(Vo), = N(%) Xs(i.a)i Pe fr (v) Qi (v)dv + of Pe fr (v) Qualv)dv |, (24)

i=84+,

where P, is the density of the ith species of atom (molecules, ions, electrons)
producing the excitation, f.(v) is the velocity distribution of these atoms relative
to the atom (or molecule) with which they are colliding, and Qgg(v) is the crom
section at the velocity v for a transition from level @ to B. Obviously equation
24 must be summed over all ¢ in order to give the total emission due to collisions

of the molecules (atoms) in question with each of the r different species present
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in the medium.

The above discussion was intended to be rather general ; however, rigorous
derivations of the formulae presented are derived in the references cited.

The geometry of the volume of material has been neglected (optical thick-
ness), the nonuniformity of the thermal conditions, the depletion of states due to
excitation, the nonequilibrium conditions due to changing environment during re-
entry, etc., have all been neglected. However, one does not find it difficult to
imagine that these can all be treated in either an exact or an approximate manner
that will be sufficiently satisfactory to permit quantitative temperature information
to be derived.

The literature und experimental data that presently exist are expected to
yield sufficient information to permit a determination of the feasibility of the
approach in the nonablative cose. A cursory glance at the literature shows that
suitable wave functions and dota are available for evaluating the line strengths of
O;, Oy, O, O, N, NO, NO,, A, CQy, and for collisions with electrons
for H, O,, O, Ng, the one electron (alkali) atoms, and others. It is worthy of
note that Kivel and Boiley(b) were able to construct o reasonable model (neglect-
ing atomic spectra) for the emissivity of air as long ago as 1957. Furthermore, the
compoasition of air in the shock wave has been fairly well established by Trimpi
and Jones'”), Witlif and Curtis®), and others.

In conclusion, it is apparent that any one of the three spectrophotometric

techniques discussed (emission peak detection, ratio technique, nongrey body case)
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will successfully determine the temperature of a re~entering body provided that the
line spectrum can be subtracted from that part of the total spectrum being viewed.
The analysis on unscrambling the thermal emission curve from the total emission curve
indicates that although the efforts would be laborous, o good approximation of the
thermal emission curve could be obtained at least in the non-ablating re-entry case.
Thus, quontitative temperature information could be obtained from either of the
techniques. For the ablative case, one would have to resort to experiments to deter-
mine the intensities of the spectral lines that must be subtracted from the thermal

emission curve in order for these approaches to work.

8. PHOTOGRAPHIC TEMPERATURE MEASURING TECHNIQUES

Spectral photographic techniques offer every advantage that spectrophotome-
try offers and suffer from the same physical restraints. Photography without spec-
tometry is equivalent to total radiation pyrometry.

When ordinary photographs of a re-entering body are taken and the density
on the developed negative is read with a densitometer, the signal received is pro-
portional to the logarithym of the intensity of the light to which the plate was ex-
posed, whereas the total radiation pyrometer gives a signal which is proportional
to the intensity of the incident light. Hence, the two methods are essentially
equivalent. Thus, this approach to measuring the temperature of o re-entering body
has very limited utility and little to recommend its use.

When the negative from a spectral photograph is read on a densitometer,
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the result is a functional plot whose amplitude is proportional to the logarithym of
the intensity at each wavelength of the light that was incident upon the plate .
From a knowledge of the spectral sensitivity of the photographic plate, its densi-
tometer trace can be converted directly into an intensity versus wavelength curve
that is identical to that that would be recorded on a spectrophotometer under the
same conditions. Therefore, the same methods (grey body case, emission peak case,
ratio technique, and non-grey body case) discussed under the spectrophotometric
method are applicoble. Of course, limitations, such as atmospheric absorption

and the spectral emission curve unscrambling, are also applicable.

A major advantage of the spectral photographic method for measuring
temperature, when compared with the spectrophotometric method, is its inherently
greater speed. Spectrophotometers require from a few seconds to a few minutes
to generate o spectral curve, whereas a spectral photograph may be taken in a few
milliseconds. This higher speed assures that the temperature of the re-entering

body will not change appreciably while the measurement is being made .

C. USE OF FLARES FOR DETERMINING HEAT INPUT

There are two typesofflares that may be used to determine the rate of heat
input to a re-entering body. One is the ignition flore, ond the other is a "burn-
vp" or "tracer" type of flare. Since the former of these renders only the "single
point" type of information, the technical part of this discussion will be limited to

the tracer flare. Since the primary purpose of the flare experiments of interest to
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AFSWC, the AEC, and their contractors is to determine the validity of certain
mathematical, re-entry, burn-up models for nuclear auxiliary power system fuel
elements, the discussion will be limited primarily to this application of tracer .
flares.

The use of tracer flares to check the validity of re-entry, burn-up models
for fuel elements is predicated upon the following proposition: Flares having physi-
cal characteristics similar to those of the fuel elements can be constructed; the flare
burn-up profile (oltitude, velocity, brilliancy, etc.) is calculoted using the same
mathematical model used to calculate the burn-up of the fuel elements; and the flares
can be subjected to flight tests that closely simulate those to which the fuel element
is expected to be exposed. If the flare is cbserved to behave in the manner predicted
by the model, this raises the confidence in the model's predictive copability., The
objective of the present study was to evaluate the instrumentation techniques that
are appropriate for observing the re-entry of such flares and how such observations
might be interpreted to yield useful information on the re-entry, burn-up model.
To this end, it is appropriate to first develop an analytical model for the phenomena
to be observed and then see what ramifications are required in order to apply it to

an experimental re-entry test.

1. Analytical Model for Flare Observing Instrumentation

In view of the facts that photography is the most readily applicable method

for observing re-entering flares, and that other techniques which make use of the
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radiation emitted by the re-entering flare can be reduced to the principles involved
in photography, the discussion will be limited to photographic techniques. Further,
becouse the use of a movie camera and a camera with open shutter will yield essen-
tially the same information, the camera shutter will be assumed to remain open so as
to generate a trace of the re-entering flare on the photographic plate.

The camera will respond to two sources of light, the thermal radiation from the
heated re-entering flare, P(R,T), as represented by eq. 4, and the light, IR, N, that
is emitted by the air, and vaporized and chemical products from the flaring materials
(ond the materials in which it is capsulated if it is a capsulated flare). If flaring mate-
rials whose vapor pressures are high at relatively low temperatures are employed, then
the thermal radiation, P(R,T), will be negligibly small. it will be assumed herein~
after that such is the case. To apply the results to cases where the thermal radiation
is not negligible, all that one needs to do is replace I(R, \) by [I(R, \) + PR, X)] in
the formulae that follow. With this in mind, the density of the plate produced by

flare X, containing m elements, as viewed by a densitometer, con be written as

m n
DR, X) = log[ ) ) Fa (R, M) Fel) FeN) 40, R, X)) (25)
=t 1 =1
where
F,R, 1) = fraction of the light emitted at the wavelength A; that is

transmi tted through the atmosphere the distance R to the
camera lense .

F09) fraction of the light of wavelength \; incident at the
camera that is transmitted through the lens=filter system

to the photographic plate.
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Felhi) = film sensitivity at the wavelength );, that is, the number
of silver ions activated per unit intensity of incident light
ot the wavelength ;.

I(R, i, X) = intensity of the light emitted ot the wavelength A; by the

m materials in the flare at the point R along the trajectory.
(Actually, it isthe amount of light energy emitted ot the
wavelength )i, over a portion of the re-entry trajectory
that corresponds to the slit width of the densitomster sen-
sing head). The subscript s is used to denote the different
materials in flare X.
The summation of i is to be taken over all spectral lines emitted by each of the m
re-entering flaore materials. A further simplification of this relation can be made
from the fact that the intensities of all lines from a single element in the flore can
be written in terms of the intensity of a single reference line from that element(!),
If this reference line is designated as X, for the sth element in the re-entering

flore, then the intensity from any line, };, from the sth element in flore X can be

written as
';(Rv i/ x) = Cis l(Ra er)- (26)

Here C;g is o constant that has been tabulated(!) for every element, s, of interest.
It should be pointed out here that the relative values of C;; given in reference !
are valid only for a given element, s. The tabulated rotio of two line intensities
from two different elements, say C,,/C,,, is not valid for re-entry applications.

If the further contraction in notation,

G(R, i) = Fa(R, %) Fc(hi) Fe(Ni), (27)

is mode, eq. 26 can be substituted into eq. 25 to give
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m n
DR,X) = log[le(a, “";ZF"" \) Cis | . (28)
L ;

Now all of the quantities under the second summation sign in this equation can be
calculated from a knowledge of the atmospheric attenuation at the distance R, the
lense system and filters, and tabulated spectral line intensities. Therefore, for a
given value of s (i.e., for a given element in the flare), it is convenient to set this
summation equal to the known constant C (R). When this is substituted intc eq. 28,
the result is

m
DR, X) = log [ ) C4R) IR, Mry) . (29)

$=1
The problem is now reduced to one of determining the intensity of the reference

line A, for each of the m elements contained in the flaring material ot each point

along the trajectory R.

2. Application to Burn-Up Model Validification

It is at this point that the analysis runs into difficulty. As mentioned above,
the intensity of a line is determined by optically stimulated transitions (eq. 21, 22,
23) ond by impact phenomena (eq. 24). Thus, only such materials as those listed
on page 21 can be handled directly from first principles without resorting to experi=
ments to determine transition probabi lities and collision cross sections.

This brings up the important consequence that, without a knowledge of
IR, \¢s), nothing can be ventured as to how much flaring material should be used

to produce a desired flare intensity. Therefore, the intensity of the light from a
27



TDR 63-58

flare alone cannot, in general, be employed as a measure of heat input at any
particular time to o re-entering object without resorting to some rather funda-
mental experimental work.

These difficulties do not prohibit the use of flares if an adequate burn-
up model is available. For example, if the burn~up is one simply of vaporization,
then the rate of vaporization would be proportional to the rate of heat energy
input to the flaring object, and the length of time that the flare would be visible
would equal the time required for the heat energy input to equal the total heat
of vaporization of all of the flaring material. In addition, the intensity of the
light along the track would be expected to be approximately proportional to the
product of the amount of flaring material deposited per unit track length interval
and the square of the velocity of the flare. Usually an atom will emit essentially
all the light that it is going to emit within a very short distance (within the photo-
graphic resolution) of the point of vaporization. Since the amount of flaring mate -
rial per unit track length is proportional to the heat energy input to the flare, per
unit track length, dg/vdt, the intensity at the pasition R along the trajectory would
be expected to be approximately proportional to v(R) dq/dt. The validity of this
last assumption would depend upon the amount of light emitted by a vaporized flare
atom being proportional to its kinetic energy (relative to the surrounding air mole-
cules) at the time of evaporation.

This analysis shows that, under the conditions assumed, both the duration

and intensity profile of the flare trajectory could lend support to the validity of a



TDR 63-58

burn-up model. The word support is underlined because the correlation between
the measured and predicted path length and intensity profile does not prove the
validity of the burn-up model. Becuase of the fact that the mechanism whereby
the flaring material is caused to emit light is not known, this correlation merely
shows that the observation does not disprove the model. However, if the length
of the trajectory does not agree with that predicted by the model, this would not
necessarily disprove the validity of the model because the rate of evaporation at
which the flare should first become visible and finally become invisible will be
unknown unless I(R, A) can be calculated.

The up=shot of this discussion is that unless measures ore instituted whereby
IR, As) can be determined, the use of tracer flares cannot positively prove or
disprove a mathematical model of re-entry burn-up . It is possible, however,
through the institution of appropriate experimental tests, to determine I(R, \).

In fact, if the re-entry environment can be accurately specified, one would be
able to calculate (R, )\rs) from first principles for the hydrogen-like elements, such
as alkali metals.

An important point should be brought up here. If the length and position
of the visible trajectory and its intensity profile do correlate well with that pre~
dicted, then one can make the assumption that it is correct and proceed to calcu=
late IR, A5). With this information, one con then devise a re-entry experiment
that is significantly different from the initial experiment but that is based upon the

same mathematical, re-entry, burn-up model. if the data from this experiment
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correlates closely with that predicted, one would not only be confident of the
accuracy of the mathematical model but would also have gained valuable infor-
mation on the reactions which give rise to the emitted light.

The confidence in the predictive capability of the model in fuel element
applications would, of course, depend upon how closely the physical character-
istics of the test flares approach those of the fuel elements. (Physical choracteris-
tics here mean size, shape, density, chemical properties, mechanical properties,
thermophysical properties, etc.) |f these two sets of characteristics differ markedly,
one has no assurance that the mechanisms of failure and burn-up would be similar

for the flare and fuel element.

3. Identification of Multiple Simultaneous Flores

During actual re-entry tests, it is the general practice to have several flares
re-entering simultaneously along closely spaced trajectories. One would like to use
photographic means for determining which observed trojectory corresponds to which
flare. To simplify the analysis without loss of principle, each flare will be assumed
to contain only one element. Under these conditions, X may be set equal to s in

eq. 29, which can then be rewritten as

DR, 3) = log[IR, Ary) CR) | = log IR, Ay) + B (%0)

where B; = log C4(R) is o constant that can be calculated from the film sensitivity,

camera lens-filter system, the tabulated relative line intensities{!) and IR, \¢g) once
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s and R are specified. It will be sufficient to use only two simultaneous, single
element flares to illustrate the principle of identification. Designating these
two elements by s = 1, and s = 2, eq. 30 can be used to write two equations,
nomely

DRy, 1) = log l(Ry, Apy) + B, (310)

DRs, 2) = log IRy, hro) + By (31b)

where A, and \¢g are the chosen reference lines for flare #1 and #2 respectively,

and D(R,, 1) and D(Ry, 2) are the observed densities on the photographic plates (open
shutter case) that correspond to the positions R, and Ry along the respective tra-
jectories. The subscripts on R are used to indicate that the trajectories of the two
flares will not necessorily be identical Now it is a fact that D(R,, 1) and D(Ry, 2)
will each stort ot zero, rise to some peak value and then decrease to zero provided
the flares burn up during the trajectories. Therefore, each of the traces on the photo-
graph will contain an infinite set of values of densities. Since the relative magni-
tudes of I(R,, Ay ) and I(R., \¢5) are unknown (unless they have been calculated or
measured under simuloted re-entry conditions), no information can be gained from

the traces that will identify which of the two streaks corresponds to flare 1. How-
ever, if two photographs are used, one of which sees the light from one and only

one of the flares, while the other sees the light from both, then positive identification
is readily made. It is assumed here that time and pesitional information are available

on both photographic plates.
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This identification can be generalized to n-flares. If n photographs are
made on n cameras, each of which is filtered to pass the light from one and only
one flare, then it is obvious that each of the n flares would be uniquely identi~
fied. Alternatively, and more readily realizable, if n photographs are taken,
each of which extinguishes the light from a different flare, positive identification
is again possible. That is, each flare is identified by its absence on a particular
plate. It is important to note that no number of photographs, each of which con-
tains a trace from every one of the flares, is sufficient to permit the positive iden-
tification of any flare when more than one flare appeors simultaneously .

In the case where sach flare emits a predominantly different color of light,
a single color photograph which produces true colors would be sufficient to uniquely
identify each flare. Similarly, a snapshot spectral photograph could be employed
to identify each flare provided the spectra from no two of the flares are superimposed
on the photograph.

The pertinent conclusions to be drawn from the foregoing discussion are

summarized in the following section.
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IV. CONCLUSIONS

TOTAL RADIATION PYROMETRY TEMPERATURE MEASUREMENTS

For either a spherically shaped body whose total hemispherical emittance
is known, or a body that exhibits grey-body emission characteristics, measure-
ments with a total radiation pyrometer can be used to accurately determine tem-
perature provided that the range to the body and the absorption of the emitted
light by the atmosphere intervening the instrument and object are small and
accurately known. The situation in which line spectra from the ablated products
and the heated gas-cap in front of the re-entering object cannot be neglected
must also be precluded from consideration for this case. The accuracy with which
the temperature can be determined is dependent upon the magnitudes of the atmos~
pheric absorption and the range of the object being viewed as well as the inaccu~
racies in these two parameters. The anolysis has shown that the pyrometric technique
has very limited utility, and other than being quite simple, has little to recommend

its use.

SPECTROPHOTOMETER TECHNIQUE FOR TEMPERATURE MEASUREMENTS

The spectrophotometer is adequate for measuring the temperature of a re-
entering body, provided that the spectra from gases and vapors, associated with the
re-entering object, can be subtracted from the total spectral emission curve recorded
on such o device to yield the thermal emission curve. (The latter is described by

eq. 1.) In non-ablating cases, the spectra that produce the total emission curve can
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be unscrambled to yield the thermal emission curve. This would be a tedious
as well as a laborous task. The basic principles involved seem to offer, ot present, :
the only hope for directly determining the temperature of a re-entering body in

a continuous manner (continuous in t) by the institution of optical measurement
techniques. The spectrophotometer technique, however, is not as good a vehicle
for implementing those principles as is photographic techniques. Where the radia-~
tion from the ablation products becomes significant, it will be necessary (with
possible exception of the hydrogen-like atom case) to perform experiments on these
products in order to establish dato from which their contribution to the total spectral
emission curve con be determined. This latter statement is also true for photographic

techniques.

PHOTOGRAPHIC METHODS FOR MEASURING- TEMPERATURE
The photographic technique for measuring the temperature of a re-entering
object without spectral information is equivalent to the pyrometric technique,
whereas spectral phototography is equivalent to the radiometer and spectrophotom-
eter techniques. Thus, photography without spectral information is essentially
useless for the direct measurement of the temperature of a re~entering body. The
use of a spectral photograph in conjunction with a densitometer yields a plot which
contains information that is equivalent to that from a spectrophotometer plot, the
difference being that the densitometer gives the logarithym of the intensity instead
of the intensity itself. The principal advantage of the spectral photography technique .

relative to the spectrophotometer technique is its inherently greater speed.
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Otherwise, it suffers from the same shortcomings (physical phenomena constraints)

as the spectrophotometry technique.

USE OF TRACER FLARES TO VALIDIFY BUIRN-UP MODEL

It is concluded that, without a detailed knowledge of the interactions of
the floring material with the re-entry environment which produce the light from
tracer flares, the observations of the re-entry trajectories can neither prove nor
disprove the validity of any particular mathematical model of re-entry burn-up.
This stems from the fact that one cannot calculate the intensity of the light ot any
point along the trajectory without such knowledge (see eq. 29). For hydrogen-like
flare materials (alkali metals), it is expected that the interactions giving rise to
the emitted light could be calculated from o knowledge of the re-entry environment.
The use of other flaring materials will require the institution of appropriate experi-
ments before one will be in a position to calculate the magnitudes of the various
interactions that produce the light from the re-entering flare. However, if the
observed path length, position, and intensity profile of the flaring trajectory all
agree closely with those predicted by the mathematical model, they would lend
considerable credibility to its correctness,

Furthermore, this correlation could, if it is not considered to be fortuitious,
yield valuable information on the excitation probabilities of the flaring atoms
in the re-entry environment. Using this information, one could then devise o re~
entry experiment which would either prove or disprove the validity of the re-entry

model. The confidence in the predictive capability of o model, so established, in

35



TDR 63-58

its application to re-entering fuel elements will depend upon how closely the

physical characteristics of the flares approach those of the fuel elements.

FLARE IDENTIFICATION

The analysis shows that a series of black and white photographs, each
of which contains an image of every one of two or more simultaneously re-entering
tracer flares, cannot, in general, be employed to positively identify each of the
flares. This stems from the fact that the intensity of the light at any point along
the re-entry trajectory cannot be determined beforehand without resorting to labo-
ratory experiments to produce unavailable data. (Alkali metals may be on excep-
tion.) However, it is pointed out that if n photographs are token of n re-entering
flore trajectories, each of which completely extinguishes the light from a different
one of the flares, each flare can be uniquely identified. Alternatively, each of
the n cameras could pass the light emitted by one and only one of the flares, with
each passing the light from o different flare.

Further, if only o snapshot color photograph, which reproduces the true
colors, is taken of the flares, and if each of the flares emits light of o predomi -
nantly different color, then the single photograph will be sufficient to uniquely
identify each flore. Finally, a spectral photograph will produce the same results
as a color photograph, providing, of course, that the spectra from two or more

flares do not overlap on the photograph.
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